Abstract: Multi-functional trisilanol phenyl (TSPH) and trisilanol isobutyl (TSIB) polyhedral oligomeric silsesquioxane (POSS) have been used in the formulation of advanced polystyrene (PS)-zinc oxide (ZnO) nanocomposites. The neat matrix and PS/ZnO-based nanocomposites have been characterized through rheological, morphological, mechanical, and dynamic thermo-mechanical analysis. Both TSPH and TSIB are able to improve the dispersion of ZnO into the polystyrene matrix; furthermore, adding TSIB leads to better results because it facilitates better solubility into the PS matrix and interaction/reaction with the ZnO nanopowder. Finally, the optical properties and photo-oxidative resistance of the nanocomposite films have been evaluated. The POSS molecules synergistically interact with ZnO nanopowder in the protection of PS matrix against photo-oxidative process. The nanocomposite films containing both ZnO and POSS molecules, particularly TSIB, exhibit better UVshielding properties than the PS/ZnO one, without loss of optical transparency.
Introduction
Over the past 20 years, polymer-based nanocomposites have been the subject of great research interest; however, widespread commercialization of these materials has been disappointingly slow. Often, observed property enhancements due to added nanoparticles fall far short of expectations, in large part because of the aggregation tendency and the difficult of nanoparticles dispersion [1] [2] [3] [4] [5] , besides, the nanoparticles sometimes induce untimely loss of the in-service manufactured properties [4, 5] . Obviously, these weaknesses slow or delay the growth of polymer-based nanocomposites, resulting in their being a niche in terms of real industrial opportunities and challenging academic research topics.
Polyhedral oligomeric silsesquioxanes (POSS) are suitable in providing a unique approach to the development of advanced nano-engineered materials. POSS molecules [(RSiO 1.5 ) n , where n is an integer number and R is an organic group], are composed of a robust siliconoxygen framework that allows a high degree of flexibility because it can be easily functionalized with a variety of organic substituents for fully tunable solubility and reactivity with the host polymeric matrix. The number of studies focused on POSS-polymers has increased sharply over the last few years. The POSS loading improves the thermal and mechanical properties compared with the neat polymer resin; thus, nanocomposite-based POSS found widespread application, mostly in high-temperature resistance and fire-resistance materials [6] [7] [8] . Moreover, the incorporation of POSS molecules into a polymer affects the rheological behavior of the polymeric nanocomposites and can improve various performances depending on the interaction with the matrix. POSS molecules typically act as plasticizers [9] [10] [11] , although they are also able to exert reinforcing effects depending on interactions with polymeric matrix [12] [13] [14] . In particular, the reinforcement is due to the existence of strong interactions at the molecular level between POSS molecules and matrix, leading to improvements in the mechanical properties of nanocomposites. Moreover, POSS are able to protect polymeric matrix against UV and VUV radiation and atomic oxygen as well as improve the optical properties and resistivity of the nanocomposite against the degradation [15] [16] [17] .
However, few studies have investigated the dispersant ability of POSS compounds, in particular silanol POSS [18] [19] [20] . Silanol POSS are incompletely condensed silsesquioxanes containing three reactive Si-OH groups, which may create a stable system with the solid nanoparticles to disperse even at high temperatures. Additionally, POSS compounds are able to form hydrogens bond with metallic oxide, like TiO 2 , or covalent bonds under well-defined conditions [19] . The hydrogen in the Si-OH groups also has an acid nature, enabling it to react with basic compounds, such as carbonates [20] .
Among inorganic nanopowders, nano-sized zinc oxide (nano-ZnO), is specifically interesting because of its intensive UV and infrared absorption, chemical stability, low dielectric constant, catalysis activity, antibacterial and bactericide function, and so on. The introduction of nano-ZnO into polymers can improve, for example, mechanical and optical properties of the matrix [21] [22] [23] [24] . However, the efficiency of the nanoparticles in improving properties compared with the neat polymeric matrix is primarily determined by the degree of its dispersion. The presence of ZnO aggregates in solar cells causes a rapid decline in efficiency [25] . A homogeneous dispersion of nano-sized particles in nanocomposites is very difficult to obtain, because of a strong tendency to agglomerate and aggregate. The most common low-cost approach to prevent the formation of agglomerated nanoparticles in polymers is the use of dispersant coupling agents, but in some cases, these additives negatively influence some crucial properties of the manufactured product.
In this study, polystyrene/ZnO and polystyrene/ZnO/ POSS nanocomposites were prepared by melt mixing. The dispersion of nano-ZnO in the nanocomposites without and with dispersant agents, such as two different silanol POSS, was assessed by morphological, rheological, and thermo-mechanical analyses. Both POSS compounds are able to improve the dispersion of the nanoparticles and overcome the problem related to weak interaction between PS chain and ZnO nanoparticles. Moreover, the optical transparency and photo-oxidation resistance of all the nanocomposite thin films were evaluated. Adding ZnO results in a reduction of the optical transparency in the visible region respect to the neat PS film; furthermore, given that ZnO nanoparticles absorb UV light at wavelengths < 400 nm, the photo-oxidation resistance of the PS-based nanocomposites increase. Finally, the excellent photo-oxidative resistance of PS/ ZnO nanocomposite film is positively affected by the presence of both POSS kinds.
Materials and methods

Materials
The materials used in this work are as follows: -Polystyrene (PS) produced by IneosNova (Rolle, Switzerland) under the name of "Empera 251N"; volume melt flow rate 2. 
Preparation and characterization
The preparation of PS/ZnO and PS/ZnO/POSS systems was carried out using a Brabender (Duisburg, Germany) mixer at T = 190°C at mixing speed of 60 rpm for 5 min. The nanofillers were added in the melt, after 2 min of processing, at a concentration of 2.5% wt/wt of ZnO and 2.5% wt/ wt of POSS; in the PS/ZnO/POSS nanocomposite, the ratio between ZnO/POSS was 1/1. Neat PS was subjected to the same processing conditions for the sake of comparison. The rheological tests were performed by using a straincontrolled rheometer ARES G2 (TA Instrument, New Castle, DE, USA) in parallel plate geometry. The plate diameter was 25 mm. The complex viscosity (η*) was measured by performing frequency sweep tests at T = 190°C from 10 -1 to 10 2 rad/s, considering a maximum strain of 5.0%. As proven by preliminary strain sweep experiments, such amplitude was low enough to be in the linear viscoelastic regime.
Mechanical tests of rectangular samples cut from compression molded sheet (sheet thickness about 80 μm) were carried out using a universal Instron Pianezza (TO), Italy machine mod 1122, according to ASTM D882 (crosshead speed of 100 mm/min). The average values of the elastic modulus (E), tensile strength (TS), and elongation at break (EB) were calculated. The reproducibility was about ± 5%.
DMTA was performed using a Rheometrics DMTA V (Frankfurt, Germany) instrument, single cantilever bending method. The test was carried out in the temperature swift mode, between 25°C and 150°C at a heating rate of 2°C/min. The frequency was set to 1 Hz, and the maximum strain amplitude was 0.5%. The storage modulus (E′) and loss factor (tan δ) as a function of the temperature were recorded. Scanning electron microscopy (SEM) analysis was performed on nitrogen-fractured radial surfaces of all the investigated samples using a Philips ESEM XL30 equipment (Amsterdam, The Netherlands). UV-visible spectra were measured with a Shimadzu UV-2401 instrument on films of about 80 μm thick.
A Fourier Transform Infrared Spectrometer (Spectrum One, Perkin Elmer, Waltham, MA, USA) was used to record IR spectra with typically 16 scans at a resolution of 4 cm ) and of the hydroxyl band area (peak area measured between 3300 cm -1 and 3600 cm -1 ) was determined as differences between the peak absorption area at given exposure time (t i ) and the peak absorption area before photo-aging (t 0 ). The reported values are averages of triplicate measurements.
The films, about 80 μm thick, were photo-aged in a QU-V (Q-LAB, Westlake, OH, USA) chamber mounting eight UVB (313 nm) lamps. The weathering conditions were 8 h of light at T = 55°C followed by 4 h of dark/condensation at T = 35°C.
Results
Rheological and morphological analysis
In Figure 1A , the viscosity curves of neat PS, PS/ZnO, and PS/ZnO/POSS samples are plotted as a function of frequency; for the sake of comparison, the viscosity curves of the PS/POSS systems are reported in the same figure. The viscosity values of the PS/ZnO nanocomposite are higher than those of neat PS in the whole range of investigated frequency, due to the presence of the nanopowder. Particularly, this effect is prominent at low frequency, where the melt state dynamics of larger portions of the polymer chains are probed. The viscosity values of the PS/ZnO/TSPH and PS/ZnO/TSIB nanocomposites are lower than those of PS/ZnO in the whole frequency range. Although the ZnO nanopowder is responsible for a viscosity increase due to a filler effect, we should consider the well known plasticizer effect of both TSPH and TSIB POSS in PS matrix. Thus, POSS loadings lead to reduction of the viscosity values and this is further pronounced for TSIB. In our previous studies, we documented a significant reduction of the viscosity of PS due to the presence of well dispersed TSPH and TSIB into the matrix [11] . The reduction of the melt viscosity has been explained by considering the capability of POSS molecules, in particular TSIB, to increase the free volume and to reduce the friction between the macromolecules, thereby decreasing the entanglement density.
In order to better understand the complex phenomena influencing the trend of the viscosity curves, we plot in Figure 1B the dimensionless complex viscosity (obtained by dividing the viscosity values at different frequencies of each systems containing ZnO by the values of the correspondent systems without nanopowder) as a function of the frequency. This representation allows for the evaluation of the effect of ZnO presence on the complex rheological behavior of the nanocomposites; it is also useful in estimating the extent of ZnO dispersion in the presence of both POSS kinds. The values of the dimensionless viscosity for the PS/ZnO and PS/ZnO/TSPH nanocomposites slightly decrease as a function of the frequency, remaining almost unchanged. This finding suggests that the matrix governs the complex rheological response, and that ZnO nanopowder, when not uniformly dispersed, only produces a small perturbation of the composites viscoelastic response due to the micrometric aggregates sizes, as noticed by morphological analysis reported below. It is interesting to highlight that the dimensionless viscosity of PS/ZnO/TSPH is higher than that of PS/ZnO, suggesting a beneficial effect of the TSPH on the distribution of the ZnO nanopowder. In the case of the PS/ZnO/TSIB nanocomposite, the dimensionless viscosity is higher than those of the other investigated samples at low frequency, although the global trend is different. In fact, TSIB presence prevents ZnO aggregate formation, thereby promoting nanopowder dispersion at nanometric level. Therefore, the ZnO nanoparticle size is small enough to greatly affect the melt state behavior of the nanocomposites.
The findings coming from the rheological analysis are confirmed by morphology observations. Figure 2 shows the SEM representative micrographs of PS and all investigated nanocomposites. The formation of ZnO aggregates at the micrometric level on the fractured surface of PS/ ZnO sample can be clearly observed in Figure 2B . Interactions between PS and ZnO are limited, probably due to the different nature of their components. Such limited interactions during processing determine bad dispersion of nanopowder in both melt and solid states and leads to the formation of micrometric aggregates. POSS molecules significantly improve the dispersion of nanopowder particles, as can be seen in Figure 2C and D, which also indicate that the average dimensions of the aggregates are significantly lower than those of the sample without dispersant agents. Particularly, the average particle dimensions in the PS/ZnO/TSPH sample are about 400 nm ( ± 50 nm), while in PS/ZnO/TSIB, the lack of visible aggregates -also at higher magnification -suggests that ZnO is dispersed at the nano-metric level. The better dispersion of ZnO in the presence of both silanol-POSS kinds is related to the interaction between the -OH groups and ZnO nanoparticles. If proper conditions exist, silanols bind to metal oxide surfaces first by hydrogen bonding followed by covalent bonding [26] .
Moreover, the obtained good nanopowder dispersion due to the presence of TSIB could be attributed to the excellent plasticizing capability of TSIB molecules; this phenomenon also facilitates interaction/reaction between the silanol groups and ZnO particles. In our previous study, the theoretical solubility parameters of the neat PS, TSIB, TSPH and three other kinds of POSS molecules were calculated considering Hoy's method; our results suggested that, from a theoretical perspective, TSIB showed the best solubility into the polar PS matrix [11] . Better solubility and compatibility between PS and TSIB compared with those between PS-TSPH can lead to an increase of the free volume systems, which can reduce the friction between the macromolecules and facilitate the dispersion of the ZnO nanopowder. In addition, the interaction between the -OH groups of TSIB and the ZnO nanoparticles are facilitated due to greater flexibility and minor steric hindrance of isobutyl (IB) groups with respect to the phenyl (PH) rings. Finally, the rheological and morphological results suggest that TSIB molecules are better dispersant agents for the integration of the ZnO nanopowder into the PS matrix than the TSPH molecules.
Mechanical and dynamic mechanical thermal analysis
The main mechanical properties, e.g., elastic modulus (E), tensile strength (TS), and elongation at break (EB), obtained by tensile tests are presented in Table 1 . The properties at break, TS, and EB remain almost unchanged by adding ZnO to PS; meanwhile, the elastic modulus slightly decreases with respect to the value of the neat PS Table 1 Main mechanical properties.
Samples E (MPa) TS (MPa) EB (%)
PS 1460 ± 73 33 ± 1.6 2.7 ± 0.13 PS/ZnO 1420 ± 71 32 ± 1.5 2.6 ± 0.13 PS/ZnO/TSPH 1455 ± 72 32 ± 1.5 2.7 ± 0.13 PS/ZnO/TSIB 1425 ± 71 32 ± 1.5 2.9 ± 0.14 Elastic modulus (E), Tensile strength (TS) and elongation at break (EB) of neat PS and nanocomposites.
due to the poor dispersion and poor interfacial adhesion between PS and ZnO nanoparticles. The presence of both TSPH and TSIB molecules does not affect the main properties at break, while the system rigidity slightly changes. Particularly, the presence of TSPH slightly increases the rigidity of PS/ZnO due to ability of the TSPH to facilitate nanopowder dispersion and to interact with the phenyl rings of the PS matrix through π-π interactions. The presence of TSIB leads to a decrease of the overall system rigidity because TSIB molecules exert a plasticizing effect on the PS/ZnO system, which is in accordance with the rheological and morphological analysis. However, the PS/ZnO/TSIB system does not show a sharp drop in the value of the elastic modulus (E of PS/TSIB system drops at about 10% compared with that of the neat PS [11] ). This is because the nanopowder is well dispersed due to the interaction between the ZnO nanoparticles and TSIB molecules.
The values of Young's modulus (E′) and damping factor (tan δ) as functions of the temperature obtained by the DMTA study of all the investigated samples are shown in Figure 3A and B, respectively. The E′ of PS is almost unchanged even at high temperatures and begins to decrease at around 90°C. The PS/ZnO/TSPH sample shows a similar trend, and the temperature at which the decrease of E′ begins is slightly higher than that for the neat PS (about 92°C). For PS/ZnO/TSIB, the value of E′ drops at lower temperature due to the TSIB plasticizing action. Moreover, the glass transition temperature (Tg) (based on the peak of tan δ) of the PS/ZnO and PS/ZnO/TSPH nanocomposites are similar to the values of the pure matrix. The Tg of the PS/ZnO/TSIB nanocomposite decreases because TSIB molecules are able to increase the polymer macromolecular mobility, leading to lower glass transition temperature. It is noteworthy that the increase of polymer macromolecular mobility and overall free volume facilitates the dispersion of the ZnO nanopowder. Therefore, the DMTA results are totally in agreement with those obtained by the tensile test at room temperature, and trivial additional information on the dispersion of ZnO in the PS matrix in the presence of POSS molecules arises.
Optical properties and photo-oxidative resistance
Further evidence of the effect of the POSS molecules on ZnO dispersion can be deduced by conducting a visual inspection of the PS/ZnO-based nanocomposites films. In Figure 4A and B, the pictures and UV-visible spectra of neat PS and of all investigated PS/ZnO-based nanocomposites are shown, respectively. Adding ZnO to PS leads to visibly whiter and less transparent films than those containing both ZnO and POSS molecules. Better transparency of the PS/ZnO/TSPH and PS/ZnO/TSIB films can be attributed to better nanopowder dispersion. The considerations coming from the visual inspection agree with the UV-visible analysis, as shown in Figure 4B . ZnO nanoparticles absorb UV light at wavelengths < 400 nm. They also significantly reduce nanocomposite transmittance in the visible wavelengths. It is known that the reduction of visible wavelength transmittance can be related to increased nanopowder content and/or presence of large aggregates [27] . In our case, the ZnO aggregates at micrometric sizes in the PS/ZnO film, as observed in previously reported SEM studies, are responsible for the worst optical properties. The PS/ZnO/TSPH and PS/ZnO/TSIB systems maintain the total absorption of up to 400 nm. They also show higher visible wavelength transmittance values than those of the system without POSS molecules.
Considering that the amount of ZnO is the same in the three PS/ZnO-based nanocomposites, the latter can be related to a decrease of the ZnO aggregate size and better dispersion in the presence of POSS molecules.
To evaluate the photo-oxidative resistance of PS/ZnObased nanocomposites, thin films were subjected to artificial weathering, and the overall evaluation of carbonyl and hydroxyl species (developed in the photo-oxidative reaction of neat PS as accurately studied in our previous work [17] ) was monitored by FTIR analysis as a function of the exposure times. Figures 5 and 6 show the FTIR spectra in the ranges of 1840 cm -1 to 1640 cm -1 and 3600 cm -1 to 3300 cm -1 at various exposure times of PS for the PS/ZnO and PS/ZnO/POSS samples, respectively. However, the analysis of the whole spectra (not shown here) before and after exposure does not show any additional peaks due to the presence of ZnO and POSS molecules, suggesting that the nanopowder and POSS molecules do not affect the photo-oxidation degradation mechanism of the polystyrene matrix. Meanwhile, the variations of the carbonyl and hydroxyl band areas for all investigated samples are reported in Figure 7A and B, respectively. The variations of the peak areas were calculated as the difference between the integrated areas at a given exposure time and the areas before photo-ageing. As can be seen, ZnO containing PS-based nanocomposites show lower rates of oxidation product formations than the neat PS. Particularly, at short exposure time, the induction period of the photo-oxidation, estimated as the point where the curve significantly changes, for neat PS is about 50 h (i.e., at early stage of the photo-exposure), while for all the PS/ ZnO-based nanocomposites, this period is about threefold higher, see Figure 7A . It is noteworthy that the amount of photo-oxidative products of neat PS is growing, that all investigated nanocomposites show lower growth in the formation of the photo-oxidative products up to 4000 h of exposure, and that the oxidation is very slow (almost stopped) at long exposure times, see Figure 7A and B. ZnO nanoparticles play an important role in stabilizing the PS matrix through screening the UV light and slowing down the formation of overall oxygen-containing products. Furthermore, the TSPH and TSIB loadings positively affect the shielding action of ZnO nanoparticles. In particular, the overall amounts of carbonyl and hydroxyl species (variations of the band areas) of PS/ZnO/TSPH and PS/ZnO/ TSIB are lower than those of the PS/ZnO nanocomposite, suggesting a beneficial effect of POSS molecules. Better dispersion of the nanopowder, which is achieved through the presence of POSS, enhances UV light screening of ZnO nanoparticles.
Moreover, in our previous work, we demonstrated that the silanol POSS molecules are able to protect the PS matrix against UVB exposure through one or more of the following mechanisms: non-radical heterolytic decomposition of PS hydroperoxides, which is promoted by the acidic OH groups of POSS-triol; H-atom donation by POSS-triol to the PS chain-propagating peroxy radicals; co-ordination and sequestering of deleterious metal ions; and localized inhibition or minimization of inter-chain H-atom abstraction by polystyrene peroxy radical [17] . Overall, our current findings are related to a synergistic effect between POSS molecules and ZnO nanoparticles; particularly, the POSS molecules act both as stabilizers against the UV irradiation and as dispersant agents for the integration of the ZnO nanopowder into PS. In turn, these enhance the nanoparticles' ability to carry out UV screening and decrease the formation of oxygen-containing species. The TSIB molecules are more efficient in providing protection against the photo-oxidation of the PS matrix than the TSPH molecules, because of their ability to improve solubility in the PS matrix and facilitate interaction/reaction with ZnO nanoparticles.
A visual inspection and UV-visible analysis of the films at maximum exposure times were also performed. The results are shown in Figure 8A and B, respectively.
The nanocomposites containing POSS also show better optical properties even after weathering, thus confirming the beneficial effect of the POSS molecules on photooxidative resistance, which can also be related to the ZnO nanopowder dispersion.
Conclusions
Multi-functional TSPH and TSIB POSS have been successfully used as dispersant agents for nano-ZnO in a polystyrene matrix and as protective agents, synergistically acting with ZnO nanopowder, in the protection of PS matrix against photo-oxidative process. All achieved results suggest the beneficial effects of the presence of TSPH and TSIB molecules on ZnO dispersion. TSIB POSS can facilitate ZnO dispersion more efficiently because it is more soluble than the TSPH POSS and can facilitate interaction/reaction with the ZnO nanoparticles. Due to better dispersion into the PS, TSIB molecules are also more efficient in the protection of the PS matrix against UV exposure (i.e., screening out UV irradiation and slowing down photo-degradation). Moreover, due to their dispersant ability, POSS molecules have many potential uses in other metal oxide-containing systems. Finally, the synergism between POSS molecules and other UV-shielding metal oxides can be considered for other polymer matrices considering the possibility to tailor the POSS solubility choosing appropriate organic pendent groups.
